Absrract. Thirty-two dogs diagnosed as having lead poisoning were studied postmortem. Enlarged, pale staining nuclei of renal proximal tubular cells and hepatocytes were present in all affected dogs and frequently contained acid-fast inclusions. Bone changes consisting of persistent, thick cartilaginous trabeculae rimmed with bone caused radiopaque bands in the metaphyses of eight immature dogs. Brain lesions were characterized by vascular damage. Distended arterioles and capillaries were lined with swollen or necrotic endothelium and were often surrounded by hemorrhage and edema. These changes were associated with laminar necrosis in the cerebral cortex. Proliferation of new capillaries and gliosis occurred in dogs with chronic encephalopathies. Other changes included hyperplasia of bone marrow, metarubricytes in blood vessels, necrosis of occasional striated muscle fibers, decreased numbers of sperm and ovarian follicles, and peripheral neuropathy.
Accidental lead poisoning in man has been known for at least 2,000 years. It is probable that domesticated animals suffered similarly for as many years because man shared numerous sources of lead with his animals. Knowledge of the extent and serious nature of lead poisoning in man and especially in domesticated and wild animals has only recently been acquired and is largely incomplete. With more research and diffusion of information, we should more readily recognize, and perhaps one day forestall this age-old, but preventable, disease.
This report of pathologic changes in 32 dogs with lead intoxication is the sixth in a series of reports from a study of 236 dogs accidentally poisoned with lead. Other reports dealt with occurrence and source of exposure to lead [37] ; clinical signs, including radiographic changes 1361 ; hematologic, urinary and serum chemistry findings [37, 401 ; cerebrospinal fluid analyses and electroencephalographic changes [37] ; levels of lead in blood, urine, liver, and hair [39] ; and treatment [35, 361. Reports of lesions in dogs poisoned by lead are often vague and generally incomplete, being limited to gross lesions, to examination of only one or a few organs, or to a small number of dogs. Reports of gross lesions include edema of the brain [ 131 ; increased weight of kidney, liver, spleen and heart [8] ; gastric ulceration [2, 18, 291 ; loss of body weight [21] ; reddening of or hemorrhage into intestines [5, 11, 311 ; excessively red bone marrow [l, 131; hard, thickened, brittle bones [13] ; and 'lead' lines in long bones [7] . In addition, congestion of the brain was reported by many authors.
Microscopic lesions were most often reported in the kidneys, liver, and brain. Nephrosis [l, 11, 13, 21-23, 311 , nephritis [15, 20, 23, 261 , and eosinophilic inclusion bodies in renal and sometimes hepatic nuclei [13, 15, 22, 311 were common. Hepatic lesions described consisted of foci or zones of degenerative changes or necrosis [ [22] , gliosis [9, 18, 19, 221 , swelling of capillary endothelia [ 15, 191 , proliferation of capillaries [6, 191 , perivascular cuffing [ 151, cerebral neuronal degeneration [I 51, spongy necrosis of the cerebral cortex [18] , polyneuritis [28] , and necrotizing myelopathy [ 161.
Other reported lesions included hemosiderosis of the spleen [13, 18, 23, 31 ], metaphyseal sclerosis [7] , purulent gastroenteritis [20] , and hyperplasia of bone marrow [l, 231. Many dogs reportedly had no lesions [ll, 18, 19, 311 .
Materials and Methods
The necropsy files (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) of the Angel1 Memorial Animal Hospital were searched for case records of dogs in which the clinical diagnoses, hematologic data or lesions were consistent with lead intoxication. Final diagnoses of lead poisoning were established in 32 dogs by a combination of typical clinical and laboratory findings. Blood smears in all dogs examined (26) had excess nucleated and stippled erythrocytes characteristic of lead intoxication in dogs [5, 37, 401. The lead content of 30 livers tested' ranged from 6 to 81 ppm. Blood lead values in 13 dogs tested ranged from 60 to 200 pg/100ml. These amounts of lead in blood or liver of dogs are considered indicative of lead poisoning [15, 33, 391. Of the 32 dogs with lead poisoning, 19 were males and 13 were females of which six had been ovariohysterectomized. Most of the dogs were immature (18 were 6 months old or less), but they ranged from 10 weeks to 9 years old. Thirty had clinical signs typical of Lead analyses were done by G. BOYLEN, Massachusetts Institute of Technology, Cambridge, Mass., by a dithizone colorimetric technique. All results are expressed on a wet-weight basis.
lead intoxication (colic, emesis, and various neurological disorders including convulsions and hysteria).2 The two remaining dogs were markedly depressed; one had a generalized dermatitis of unknown cause and the other a dilated esophagus. Eighteen dogs died of lead intoxication; 14 were killed at the owners' request by intravenous injection of sodiumpentobarbital.
Thorough necropsy examinations (except for spinal cord) were performed and recorded in all cases. All tissues were fixed in 10% buffered formalin, embedded in paraffin and cut 6 Fm thick. Histological sections of all tissues available were studied. Tissues available among the 32 dogs (numbers given in parentheses) were brain (32) , kidney (32) , liver (31), lung (29) , spleen (28) , lymph node (23), gastrointestinal tract (23), heart (21) , skeletal muscle (19) , pancreas (IS), metaphysis of radius or metacarpal bone (14) , adrenal (13), urinary bladder (lo), testicles (8), bone marrow (1 5), peripheral nerve (S), thyroid (5), ovary (3), pituitary (4), uterus (l), and spinal cord (1). Special stains included Kinyon's or Ziehl-Neelsen acid-fast stain or both, on all sections of kidney and most of liver; Perl's iron stain on some sections of liver and spleen; and Weil-Weigert myelin stain, cresyl echt violet, alcian blue-PAS, and phosphotungstic acid-hematoxylin stain on some sections of brain. Tissues from eight healthy dogs, four females and four males, 2 months to 8 years old were used as controls.
Results
Gross changes were generally nondiagnostic. Lesions (dogs affected given in parentheses) included : abnormally red bone marrow (26) , congestion of the brain (20) , paucity of body fat (1 3), scattered petechia (8) , foreign material in the lumen of the gastrointestinal tract (8) [including leaded paint (2) and lead-containing grease (l)], gray to black staining of areas of the intestinal mucosa (4) , reddened intestinal mucosa (3), small ulcers in the stomach ( l ) , dilatation of the esophagus (I), and markedly thin adrenal cortices (1) . There were no obvious changes in organlbody-weight ratios of brain, liver, kidneys, or heart when compared with dogs not suffering from lead poisoning.
Histologic Lesions
Altered renal proximal tubular epithelium was found in all dogs poisoned by lead. The changes were virtually confined to proximal tubules. The degree of cellular alterations paralleled the amount of lead found in the liver; the lesions were more marked in dogs with the most lead. Most epithelial cells were enlarged, finely vacuolated, and had irregular apical borders encroaching upon the lumina of their tubules. Most striking was the appearance of Ziehl-Neelsen acid-fast stain. their nuclei. In control dogs, the chromatin of these cells stained deeply and was regularly dispersed. In the lead-poisoned dogs, the chromatin was less abundant or poorly staining and was partially marginated ( fig. 1 ). Moreover, many nuclei were greatly and irregularly enlarged. The karyomegaly and marginated chromatin were accompanied in a few cells by changes indicative of cell death -pyknosis, karyorrhexis, and sloughing of cells into the lumina of tubules. Mitotic figures were seen occasionally. Necrosis of tubular epithelium was confined to a few cells and was not accompanied by inflammatory cells or fibrosis. Glomerular lesions were not observed.
Intranuclear inclusions were present in the kidneys of 27 dogs. The five dogs that had no inclusions had 10 ppm or less lead in their livers. The number and size of the inclusions increased with the amount of lead in the liver. The inclusions were usually solitary, spherical, and varied from 2 to 7 pm in diameter. They were generally non-refractile and pink to red in HEstained sections and were usually found in enlarged nuclei with marginated chromatin ( fig. 1 ). Most inclusions were in the straight segments of the proximal tubules, but some were contained in the proximal convoluted portions ; a few smaller inclusions occurred in the thick segment of Henle's loops. They were easily distinguished from nucleoli, which were generally basophilic and next to the nuclear membrane, and from hexagonal crystals that occur in about 1 % of hepatic and renal nuclei of dogs [4] because of differences in size, shape and refractivity. The inclusions were acid-fast with Ziehl-Neelsen or Kinyon's method. The former was preferred for contrast of inclusion bodies from the background. Intranuclear inclusions were not found with acid-fast-stained sections that were not first seen on sections stained with HE.
Congestion of the liver and a moderate degree of hemosiderosis were common. Several dogs had a mild degree of periportal fibrosis (3 dogs) or focal necrosis (2); evidence of marked liver damage was not found in any dog. Changes in hepatocytes were similar to those in the kidneys, but less constant and noticeable. Many hepatocytes had slightly enlarged nuclei with marginated chromatin; a few, scattered nuclei that were nearly twice their expected size.
Eosinophilic, acid-fast, intranuclear inclusions were found in 19 livers that tended to have the most lead content. The hepatic inclusions were about one half to three fourths the size of, and less numerous than, the renal inclusions in the same dog and were seen only when renal inclusions were present.
Sections of the metaphyseal area of the radius, ulna, or metacarpal bones were studied in 14 immature dogs. Lesions typical of metaphyseal sclerosis caused by lead poisoning occurred in eight 2-to 8-month-old dogs; they were more pronounced in the youngest dogs. The changes, seen in radiographs of all eight dogs ( fig. 2 ), were visible grossly in three dogs ( fig. 3 ) and in stained sections from all dogs viewed without magnification as a dense zone 1-2 mm thick crossing the metaphysis just proximal to the epiphysis. Radiographic changes were identified even when histologic lesions were minimal in three dogs.
The dense transverse bands in the metaphyses were composed of many longitudinally oriented trabeculae of new bone laid down on thick cartilaginous cores. These trabeculae contained much more mineralized (alizarin red S positive) cartilage, were more numerous, thicker, and extended much more deeply toward the diaphysis ( fig. 4 , 6, 7) than in age-matched controls ( fig. 5) . Osteoclasts located mainly near the diaphyseal edge of this zone were more numerous and generally larger than in healthy dogs ( fig. 7) .
Lesions occurred in the brains of all dogs that had generalized convulsions (14) , hysteria (7), or both of these signs (4) . Most of these 25 dogs also had various other neurological abnormalities such as tremors, ataxia, champing of the jaws, tics, and hypersensibility. Four of these dogs were treated for lead poisoning and had recovered. They were discharged and, after spending several weeks with their owners (and apparently ingesting more lead), were readmitted having convulsions.
The most obvious and consistent lesions in the brain were in blood vessels. Many arterioles, venules, and capillaries were considerably distended with blood, and endothelial cells were swollen and sometimes pyknotic. Parts of arterial walls were hyalinized in some brains ( fig. 8 ), but smaller vessels were more seriously affected. Many dilated capillaries were undergoing necrosis fewer, thinner, and stain less deeply than those in figure 6 . HE. Fig. 9 . Extravasated erythrocytes surround damaged vessels in a dog with lead encephalopathy. Wall of larger vessel is undergoing necrosis and contains fibrin. Capillary at left is occluded by fibrin thrombus. HE. and were disintegrating ( fig. 9, 10 ). Hyalin thrombi occluded some capillaries in markedly damaged brains. Altered vessels were often surrounded by extravasated erythrocytes, plasma, and sometimes fibrin ( fig. 9, 10 ). Hemorrhages surrounded damaged vessels in 11 dogs. Extravasations varied in size, but were generally small, confined to rings about capillaries. Polymorphonuclear leukocytes filled the lumina of some vessels and were occasionally found in the media or edematous perivascular tissue.
Proliferation of endothelial cells and budding of new capillaries were a striking lesion in eight dogs that had nervous disorders for 8 or more days. The proliferative changes were most pronounced in the cerebral cortical gray matter, especially adjacent to the gyral tips of the subcortical white matter. Lesions in these areas could be detected in stained sections by inspection without magnification. Microscopically, newly formed capillaries appeared to radiate outward in the palely stained deep layers of the cortical gray matter Degeneration and necrosis of neurons in the cortical gray matter were nearly consistent lesions in dogs that had neurologic disorders. The alterations were commonest in segments of the deepest (fourth) layer, but occurred in other layers, especially the second layer. Affected areas contained many shrunken, angular, deeply eosinophilic neurons in a zone marked by large vacuoles. The lesions, consistent with laminar necrosis, were most marked in the occipital and parietal lobes, but occurred in other areas.. Similar neuronal changes, including central chromatolysis, were also observed in the hippocampus and less commonly in the cerebellar Purkinje cells and various nuclei.
In dogs that had a prolonged course marked by nervous disorders, swollen astrocytes and microglial reaction accompanied the laminar necrosis. The meninges frequently appeared thickened in these dogs because of congestion, a mild infiltration of macrophages, and edematous separation of connective tissue fibers. Focal loss of myelin ( fig. 12 ) occurred in a few chronically poisoned dogs.
Brain lesions were confined to occasional distended blood vessels with swollen endothelium in four dogs that had no obvious neurologic signs. Lesions in three dogs that had mild neurological disorders were similar to those that occurred in dogs that had convulsions or hysteria, but were less marked. In addition, small ring hemorrhages occurred in the dorsal horns of the cervical and lumbar spinal cord in a dog that had mild tremors.
Testicles in four of five adult dogs had fewer sperm than expected. In one dog, which had a long clinical course, no mature sperm were found. Three ( fig. 11 ). immature dogs had no histologic testicular lesions. Ovaries in four adult dogs contained fewer developing follicles than expected. Three dogs had no corpora lutea.
Lesion in other organs included : bone marrow hyperplasia; necrosis of individual or small groups of striated muscle fibers, occasionally associated with inflammatory cells or fibrosis in the heart; erythrophagocytosis, hemosiderosis and extramedullary hematopoiesis in reticuloendothelial tissues; scattered arteriolitis in four dogs; interstitial pneumonitis in three dogs; and peripheral neuropathy similar to that occurring in thallium-poisoned dogs [38] , purulent pancreatitis, pancreatic fibrosis, gastro-esophageal ulcers, bilateral adrenocortical necrosis, each in one dog.
Nucleated erythrocytes were found in blood vessels, excluding sinusoids, in 24 of 32 dogs with lead poisoning; none was found in control dogs. When found in hepatic or lymphatic organ sinusoids, they could not be differentiated from nucleated erythrocytes associated with extramedullary hematopoiesis. Lesions associated with generalized infections or parasitic infestations were not present in any of the dogs.
Discussion
The gross findings in lead-poisoned dogs are not usually helpful in establishing a diagnosis, but exceptions occur. Particles of leaded paint or other lead-containing material in the gastrointestinal tract, and white transverse bands in the metaphyses of bones, may be helpful. The finding of lead-containing substances in the alimentary canal is suggestive, but not diagnostic of, lead toxicity. Radiographs of the abdomen may disclose radiopaque particles, such as paint chips, in the digestive tube [36] . A rapid, inexpensive spot test for detecting lead in paint chips is available [30] . Foreign material is commonly found in the gastrointestinal tract of lead-poisoned dogs because of their depraved appetites. Gray-black staining of the mucosa of the lower bowel may occur because of the precipitation of lead sulfide and other sulfides. Metaphyses of long bones, cut longitudinally, may contain white bands in immature lead-poisoned dogs, suggestive of metaphyseal sclerosis. Radiographs may disclose radiodense bands even when they are not marked enough to be grossly visible. Other less common conditions mentioned later may cause similar bone changes.
Diagnostic necropsy procedures should include examination of smears of peripheral blood and bone marrow. An excess of metarubricytes and rubricytes, combined with many stippled erythrocytes, are essentially diagnostic of lead poisoning in dogs [37, 401 . A rapid diagnostic procedure, not performed in this study, but since found to be useful, is the touch preparation of renal cortex stained with an acid-fast stain and examined for intranuclear inclusion bodies. Samples of liver should be packaged in lead-free containers and frozen for future lead analysis; formalin-fixed specimens may be used if necessary. Lead determinations of other body tissues or fluids are not recommended for routine diagnosis [39] . Values of lead in liver greater than 3.5 ppm, the upper limit of 'normal', are of diagnostic significance; values of 5 ppm or more should be considered confirmatory evidence of lead poisoning in dogs [39] .
Histologic tissue changes can be of considerable diagnostic value in suspected cases of lead poisoning in dogs. Eosinophilic, acid-fast, intranuclear inclusion bodies within renal and hepatic epithelia may be considered almost diagnostic. Bismuth may cause similar inclusions [32] , but exposure to amounts of this metal sufficient to produce renal inclusion bodies would seem unlikely and has not been reported in dogs. Enlargement of nuclei with margination of chromatin seems to precede the development of lead-induced inclusion bodies, and was found in all dogs, including five that did not have inclusion bodies. The size and number of inclusion bodies reflect the amount of lead that can be found in body tissues. Jntranuclear inclusions in experimentally lead-poisoned mice have been shown to contain lead as well as an uncharacterized protein. It was suggested that the inclusions represent a means by which the cell can safely store lead away from the mitochondria, which are readily damaged by lead [14] .
Radiopaque bands in the bones of children with lead poisoning were first described in 1929 [24] , and they were produced experimentally in dogs in 193 1 by CAFFEY [7] . Experimental poisoning with lead given orally to three 6-to 9-week-old dogs caused radiodense changes in bones with 10 days; the lesions became more extensive at later dates. In addition to lead lines in long bones, similar changes were also noted by CAFFEY in the costochondral junctions. Such lesions were not conclusively demonstrated in the dogs in this study, but have since been seen by the author in one lead-poisoned dog.
Histologic sections from a metaphyseal area of one immature dog were examined [7] , and the described lesions were similar to those reported here. No radiographic or histologic changes were found in one adult dog experimentally poisoned [7] or in adult dogs in this study.
The origin of the radiographic and histologic changes that occur in lead poisoning may be better understood after a brief review of the normal process of epiphyseal bone growth. Proliferation of chondrocytes in the growth plate forms columns of cartilage extending toward the diaphysis. The trabeculae of cartilage cells degenerate, and calcium, as well as other minerals, are deposited in the cartilaginous matrix. Osteoclasts resorb the calcified cartilage, and, at the same time, osteoblasts lay down bone on the same trabeculae. Thereafter, new bone replaces the calcified cartilage so that little or no cartilage remains in the trabeculae [17, 241. In lead poisoning, lead as well as calcium is laid down in the columns of mineralizing cartilage. Osteoclasts, apparently inhibited by the presence of lead in the cartilaginous trabeculae, do not resorb the altered cartilage, but instead hypertrophy and proliferate [17] . New bone is laid down on the persisting trabeculae, as osteoblasts are apparently not effected by the lead [7, 171. These changes result in an increase in the number and thickness of metaphyseal trabeculae containing cores of calcified (and leadified) cartilage. This so-called metaphyseal sclerosis is radiodense and is seen grossly as a white band when the bone is sectioned longitudinally. Lead is preferentially deposited in the metaphysis several times more abundantly than in other parts of the bone [7] , but the lead alone adds little if anything to the radiographic opacity. It is the numerous, thick mineralized trabeculae that make the meta-physes radiopaque [ 171. Excessive dietary vitamin D, chronic phosphorus poisoning and bismuth poisoning may cause radiographic and grossly visible metaphyseal lesions similar to those in lead poisoning. Lesions caused by vitamin D and phosphorus toxicosis can reportedly be differentiated microscopically from those of lead poisoning [24] .
Lead is deposited heavily in cartilage, bone, and teeth, and these tissues account for the vast majority of lead found in dogs with long-standing lead poisoning [8] . Lead replaces calcium in the apatite crystal [17] and supposedly responds to parathormone as does calcium. Lead is slowly released from bones into the blood under normal physiologic conditions and is then excreted in the urine and bile [2] .
The lesions of lead encephalopathy in children [3, 25, 271, cattle [lo] , monkeys [34] , and dogs are similar in most respects. They are all characterized by vascular damage with resultant hemorrhages, edema, and areas of neuronal necrosis. If the animal survives long enough, capillary endothelial cells proliferate and new capillaries grow into damaged areas. The vascular lesions interfere with the blood-brain barrier so that substances that normally do not pass through cerebral capillaries can now perfuse the neurons. Vessel changes are apparently caused by lead, but since little lead is found in the brain, even in severe encephalopathy, it is postulated that neuronal damage may be caused by other substances, possibly metabolic products that would not normally pass through the blood-brain barrier [25] . The vascular lesions together with the distribution of degenerative changes in neurons and glia in the cerebral cortex might also suggest ischemia as the cause of the cortical lesions.
There are some differences between lead encephalopathy in dogs and in children. In lead-poisoned children, cerebrospinal fluid (CSF) pressure is usually elevated and the brain is frequently swollen with portions found herniated at autopsy. In dogs the CSF pressure is usually normal [37] and the brain is not grossly swollen. The cerebellum is often effected in children [3, 25, 271 , but seldom in dogs; this may be in part related to the cerebral edema and resultant compression of the cerebellum that occurs in children.
Types of neurologic signs or lesions in the brain seemed to have little relation to age of the affected dog in this study. In contrast, lead encephalopathy is mostly limited to children 1 to 5 years old; neurologic changes of lead poisoning in adults is characterized usually by peripheral neuropathy. Two adult dogs in the present study had signs consistent with peripheral neuropathy, one whose esophagus was paralyzed, and one that continually traumatized until it mutilated a previously normal appearing extremity. A degenerative neuropathy affected leg nerves in the latter case ; unfortunately, the vagus nerve was not available for study in the former dog. Two other lead-poisoned dogs (one 4 months old) had dilated esophagi ; both recovered after treatment at the Angel1 Memorial Animal Hospital. Vagal neuropathy is probably responsible for the esophageal dilation, as has occurred in other heavy metal poisonings in dogs [38] .
Changes that occurred in most other organs or tissues in this study are readily understandable. Excess hemosiderosis and erythrophagocytosis are no doubt related to the decreased life span of erythrocytes caused by lead. Bone marrow hyperplasia and extramedullary hematopoiesis represent compensatory efforts to neutralize that effect, and also the faulty hemoglobin synthesis that accompanies lead poisoning. The compensation is apparently adequate as marked anemia is rare in dogs with lead intoxication. Pancreatitis and pancreatic fibrosis may be a sequel to the coliky digestive disturbances that mark lead poisoning. Lead-induced colic is apparently the result of vascular spasms, and since lead is not corrosive to the gut epithelium, lesions are generally not found in the gastrointestinal tract. Necrosis of striated muscle fibers may be the result of lead directly affecting muscle, or its effect on peripheral nerves. Similar changes are seen in thallium poisoning of dogs [38] . Decreased fertility or sterility are known to occur in both sexes in plumbism and to be associated with testicular and ovarian changes. Reports of bilateral adrenocortical necrosis associated with lead poisoning were not found, and this lesion is probably unrelated to lead intoxication,
